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ELISA kit (Multicalc evaluation programme PerkinElmer Wallac Oy, Turku, Finland). We calculated 179 the free leptin index by dividing leptin with soluble leptin receptor and multiplying by 100 [28] . 180
Commercially available ELISA kits were employed for the measurement of plasma irisin (Phoenix 181 Pharmaceuticals, Burlingame, California, USA), IL-6, and TNF-α concentrations (Sanquin Reagents, 182
Amsterdam, The Netherlands). Plasma high-sensitivity C-reactive protein (hsCRP) was measured 183 using an enhanced immunoturbidimetric assay with the CRP (Latex) High Sensitive Assay reagent 184 (Roche Diagnostics GmbH, Mannheim, Germany) and the limit of quantitation of 0.3 mg/l. 185
Assessments of general health, puberty, and adrenarche 186
The parents filled out a questionnaire that included items on the children's chronic diseases and 187 allergies diagnosed by a physician as well as detailed information on the children's use of 188 medications. A research physician assessed pubertal status during a medical examination. Central 189 puberty was defined as breast development at Tanner stage ≥2 for girls and testicular volume ≥4 mL 190 assessed using an orchidometer for boys. Premature adrenarche was defined as serum DHEAS ≥ 1 191 µmol/l (≥ 37 µg/dl) [29] and at least one clinical sign of androgen action. Birth weight was obtained 192 from Kuopio University Hospital record, and birth weight -SDS was calculated according to Finnish 193 growth reference data [30] . 194
Statistical methods 195
We performed statistical analyses using the IBM SPSS Statistics ® software, Version 21 (IBM Corp., 196
Armonk, NY, USA). The normality of distributions of the variables was verified visually and by the 197
Kolmogorov-Smirnov test. The t-test for independent samples and the Mann-Whitney's U-test were 198 used to examine differences in the basic characteristics between sexes. Linear regression analysis was 199 used to investigate the determinants of BMD, and the normality of residuals for regression models 200 was assessed using histograms. Model 1 included each determinant of BMD separately, adjusted for 201 age and sex. Adiponectin was a negative correlate for BMD adjusted for age and sex (Table 2, Model 1) but not 243 after further adjustments (Models 2-4). Leptin was positively associated with BMD adjusted for age 244 and sex (Table 2 , Model 1). This association weakened after additional adjustment for body height 245 and LM (Models 2-3) and was no longer statistically significant after adjustment for FM (Model 4). 246
There was a positive association between leptin and BMD in the highest sex-specific third of FM 247 (β=0.274, p<0.001) but a non-significant inverse association in the middle third (β=-0.144, p=0.058) 248 and the lowest third (β=-0.112, p=0.118) adjusted for age and body height. Lower leptin receptor and 249 higher free leptin index were associated with higher BMD adjusted for age and sex (Table 2, Model 250 1). These associations weakened after additional adjustment for body height and when further 251 adjusted for LM (Models 2-3) and were no longer statistically significant after adjustment for FM 252 (Model 4). Irisin was positively associated with BMD adjusted for age and sex (Table 2, Model 1) . 253
This association weakened slightly when additionally adjusted for body height (Model 2) and 254 remained similar after further adjustment for LM or FM (Models 3-4). 255 256 IL-6 and TNF-α were not associated with BMD (Table 2 , Models 1-4). Higher hs-CRP was associated 257 with higher BMD adjusted for age and sex (Table 2 , Model 1), after additional adjustment for body 258 height (Model 2), and also when further adjusted for LM (Model 3). However, this association 259 disappeared after adjustment for FM (Model 4). 260
Determinants of bone mineral density in girls 261
In girls, body height (β=0.615, p<0.001) and weight (β=0.727, p<0.001) were positively associated 262 with BMD adjusted for age. LM had a strong positive association with BMD adjusted for age, body 263 height, and FM (Table 3 , Models 1, 2, and 4). FM was also a strong positive correlate for BMD 264 adjusted for age, body height, and LM (Table 3 , Models 1-3). Birth weight SDS, 25(OH)D, DHEAS, 265 IGF-1, and irisin were positively associated with BMD when adjusted for age (Table 3 , Model 1) but 266 not after further adjustments (Models 2-4). Insulin and HOMA-IR were positive correlates for BMD 267 adjusted for age, body height, and LM (Table 3 , Models 1-3) but not when adjusted for FM (Model 268 4). Leptin and free leptin index were positively and leptin receptor was negatively associated withp<0.001) but a non-significant inverse association in the middle third (β=-0.169, p=0.126) and the 272 lowest third (β=-0.122, p=0.261) adjusted for age and body height. 273
Determinants of bone mineral density in boys 274
In boys, body height (β=0.520, p<0.001) and weight (β=0.686, p<0.001) were positively associated 275 with BMD adjusted for age. LM had a strong positive association with BMD adjusted for age, body 276 height, and FM (Table 4 , Models 1, 2, and 4). FM was also a strong positive correlate for BMD 277 adjusted for age, body height, and LM (Table 4 , Models 1-3). Serum 25(OH)D was positively 278 associated with BMD adjusted for age, body height, and FM (Table 4 , Models 2 and 4) but not 279 adjusted for LM (Model 4). Birth weight SDS, DHEAS, insulin, HOMA-IR and hs-CRP were 280 positively associated with BMD adjusted for age (Table 4 , Model 1) but not after further adjustments 281 (Models 2-4). IGF-1 was negatively associated with BMD only when adjusted for age, body height, 282
and FM (Table 4 , Model 4). Leptin and free leptin index were positively and leptin receptor was 283 negatively associated with BMD adjusted for age, body height, and LM (Table 4 , Models 1-3), but 284 the associations of free leptin index and leptin receptor were no longer statistically significant and 285 that of leptin became negative when adjusted for LM (Model 4). There was a non-significant positive 286 association between leptin and BMD in the highest third of FM (β=0.199, p=0.061), a non-significant 287 inverse association in the middle third (β=-0.135, p=0.203) and no association in the lowest third (β=-288 0.024, p=0.821). 289
Discussion 290
Our study is one of the few studies on the associations of LM, FM, and various biomarkers secreted 291 by adipose tissue, skeletal muscle, or bone with BMD in a population sample of prepubertal children. 292 LM but also FM were strong and independent positive determinants of BMD in all children, girls, 293 and boys. Plasma irisin was also an independent positive correlate for BMD in all children but not in 294 girls and boys separately. The associations of other biomarkers were explained by body height, LM, 295 or FM. In boys, the positive association between leptin and BMD became negative and the negative 296 association between IGF-1 and BMD strengthened after controlling for FM. 297
298
In line with previous studies among children and adolescents [4, 5, 7] , LM was a strong positive 299 correlate for BMD in the current study. The positive association between LM and BMD may be 300 explained by increased mechanical load to bone caused by increased LM and the loading effect ofweight-bearing exercise on bone mass and metabolism [11] . 302 303 A recently identified myokine irisin is produced by skeletal muscle after exercise and may increase 304 energy expenditure [31] . Irisin has been found to increase bone mass in mice [32] , but evidence on 305 the association between serum irisin and BMD in humans is limited. Irisin has been positively 306 associated with bone mass and strength in young athletes and negatively related to vertebral fragility 307 fractures in postmenopausal women [31, 33] . To the best of our knowledge, the association between 308 irisin and BMD has not been studied earlier in children. We found that higher serum irisin levels were 309 associated with higher BMD even after controlling for LM or FM. The weak positive association 310 between irisin and BMD was slightly stronger in girls than in boys, but statistical power was limited 311 in these sex-specific analyses. insulin resistance has suppressed the muscle-dependent relationship between IGF-1 and BMC and 321 cortical bone measurements in children 9-13 years of age [34, 35] . One reason for the inconsistency 322 between our results and the findings of earlier studies could be that our participants were prepubertal 323 and slightly younger than those of the previous studies. It is also possible that the weak negative 324 association between IGF-1 and BMD in boys after controlling for FM in our study is partly explained 325 by the positive relationships among adiposity, insulin resistance, and IGF-1. 326 327 FM has been positively associated with BMD in some previous studies among mainly prepubertal 328 children [6, 36] . Obesity has also been associated with increased bone mass independent of LM in a 329 study among children and adolescents [37] . Moreover, adiposity was associated with increased bone 330 mass in another study in adolescents, but this association was explained by LM [7] . One explanation 331 for the positive association between FM and BMD among children and adolescents could be the 332 increased mechanical load to the bone due to adiposity [3] . Another reason could be that adiposeobese prepubertal children despite increased bone size [38] . Another study showed an inverse 335 association between BF% and BMD in adolescents [5] . In a Finnish study among prepubertal and 336 pubertal children, those with decreased body fat content and those with increased fat content had 337 decreased BMD independent of LM [39]. In the current study, FM was positively associated with 338 BMD independent of LM, even though LM was a stronger correlate for BMD than FM. This 339 observation is consistent with the results of a previous study among children [6] . Studies that have 340
shown an association between excess fat mass and decreased BMD have been conducted in older and 341 more overweight children and adolescents [5, 39] than the participants of our study. Only 14% of the 342 girls and 10% of the boys in our population sample of prepubertal children 6-8 years of age were 343 overweight or obese [40] . Therefore, we cannot draw a conclusion on the association between obesity 344
and BMD based on our findings. It is possible that the detrimental effect of excess fat mass appears 345 in later childhood or in adolescence during or after puberty along with changes in body composition 346
[1]. In our study, the association between LM and BMD was stronger in boys than in girls. One reason 347
for this finding could be that boys have more skeletal muscle and girls have more adipose tissue 348 already in prepubertal stage [1] , that is consistent with our observation. 349
350
Leptin is an adipocyte-secreted hormone that decreases appetite and increases energy expenditure 351 adults. The association between leptin and total body BMD was also positive in five studies among 365 girls [42] . Interestingly, the relationship between leptin and BMD adjusted for body mass was 366 negative in the only small study among boys [43] . Furthermore, body fat content was not taken into 367 account in the meta-analysis [42] . In a previous study, free leptin index was associated with bone13 turnover markers [13] , which may be one mechanism for the inverse association between leptin and 369 BMD. We found that leptin receptor level was negatively and leptin and free leptin index were 370 positively associated with BMD independent of LM, but these associations were explained by FM. 371
Moreover, the association between leptin and BMD became negative in boys after controlling for 372 FM. Leptin was positively associated with BMD in the highest sex-specific third of FM but had a 373 weak negative association in the middle and lowest thirds. These findings suggest that FM strongly 374 modifies the association between leptin and BMD. 375
376
Adiponectin is an adipokine that has been inversely related to FM in children [44] , and this inverse 377 association has been found to strengthen in puberty [45] . Adiponectin regulates energy homeostasis, 378 glucose and lipid metabolism, and inflammatory pathways [15] . Increased adiponectin has been 379 associated with reduced bone mass in children [44] . This may be explained by the decreased 380 circulating levels of insulin and IGF-1 due to increased adiponectin levels [15] . In the current study 381 among prepubertal children, we found a weak negative association between adiponectin and BMD, 382 but it was largely explained by LM and FM. It is possible that the negative association between 383 adiponectin and BMD might be stronger after puberty. 384
385
Excess adiposity is associated with insulin resistance and hyperinsulinemia in youth [46] . Insulin has 386 been suggested to be anabolic for bone formation, and higher serum insulin levels have been 387 associated with higher BMD in adults [15] . However, the associations of insulin resistance with BMC 388 and BMD remain controversial in children and adolescents [47] [48] [49] . In a study among prepubertal 389 overweight children, BMC was lower in children with prediabetes than in children without it [47] . In 390 overweight adolescents, increased HOMA-IR was associated with decreased BMD [48] . In another 391 study among adolescents, insulin was positively associated with BMD, but the association was 392 inverse after controlling for FM [49] . In line with these results, we found that higher fasting insulin 393 and HOMA-IR were associated with higher BMD, but the associations became weak negative in boys 394 and disappeared in girls after controlling for FM. These findings suggest that the association between 395 insulin resistance and BMD is largely dependent on adiposity that should be taken into account when 396 interpreting the results. 397 398 IL-6 has a double-edged role in bone metabolism as it may stimulate both osteocyte differentiation 399 and osteoclastic bone resorption [19] . IL-6 but also TNF-α are inflammation-related cytokines 400 secreted by adipose tissue, and they may enhance bone resorption [14] . We found no association recommends adjusting BMD of total body excluding head and spinal BMD using height z-score. We 452 used DXA of the whole body, excluding the head, which is one of the methods recommended to be 453 used for measuring BMD among children by the ISCD [66] . Moreover, we adjusted the data first for 454 age and sex and then additionally for body height, all components of height z-score. However, we did 455 not measure volumetric BMD but areal BMD and did not use computed tomography to measure the 456 more detailed quality of the bone. 457
458
The results of different studies depend not only on the methods used but also on the age and 459 maturation of the participants and the prevalence of overweight in the study population, because each 460 of them affects BMD. We investigated a general population of prepubertal children 6-8 years of age 461 with a low prevalence of overweight, whereas many other studies have mainly included overweight 462 or obese children and adolescents with advanced puberty [5,7,37,39,47]. It is therefore difficult to 463 compare the findings of our study with those of many other studies. 464
Conclusions 465
Our study showed that LM is the strongest positive determinant of BMD, but also FM is positively 466 and independently associated with BMD in a population sample of mainly normal-weight prepubertal 467 Finnish children. Of biomarkers related to body composition, irisin had a positive association withassociation between irisin and BMD in children, and this finding needs to be confirmed in other 470 populations. As expected, 25(OH)D was a positive correlate for BMD, but the association was weak 471 probably due to the relatively low prevalence of vitamin D deficiency in our study population and 472 was partly explained by body composition. In boys, the positive association of leptin with BMD 473 became negative after controlling for FM. This finding suggests that FM strongly modifies the 474 association between leptin and BMD and that adiposity should be taken into account when 475 interpreting the associations of leptin with bone structure and metabolism. 476
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